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Atomes en phase gazeuse








l’ énergie libérée par la
      recombinaison










 A   V!)'#  # 	" 	




O l­omomh"~ | q{vfyOó[)QSxf«"yh"v`sh}i)g1u | e'orh"y | lm¬\«0Uh0v®szy"¶O¦h0nDyu{v`sfq{y«"yynfomh¨xfUu"h0yyUnfy | h¨Uh00u{g&pl ³
vqtlmyu{v |°¯ À¸omh"~®³l | h7qto°h"snpvynf"h"omnpl | hJKq{vfTgnplr³ lrvfyUdfh"o »uu | ¶Kh | h"vplmh0%h0yUsnfvg+u | e'orh"l ³
vf«'slmµDnph%h0g+xplmUlmµ`nfh¿ | h0nD&«'sq{xAh0y | uTv®sorh"y-xqtzq{g+e"sh"y@yUuTv®s-Áp«0y@xq{nfvfh»g+«"szdpu | h | h"y-g+u{lmv | h"y
7qt«"yynfomh0y | uTvfvf«"h0y;h'DlmyUsqtv`sh0y"¶
khq{ || q{vfyOó[ Q°h"sO 7iQ°q | h'Th'oruTxpx\«nfvg+«"7q{vplmyg+h}0u{g1xorh'sx\u{nf%orq&h"0uTgplrvfqtlryUuTv | ho ¯ u7D~®³
Te"vfh©ynporh"y¨yUl­o­lr0q{y¨µ`npl¸Uh0xAuTyh&ynfsu{lmyU«7q{'slmuTvfy ISq | yUuTxpsUlru{v | h0yqbszuTg+h0y |°¯ u7D~DTe0vph0yynporh"y
yUl­szh"y;o­lmfh"y0ªOh"0uTgplrvfqtlryUuTvfy |°¯ Àomh"~®³l | h7qbo@h's | «0yUuTxpsUlru{v | h"yg+u{om«0"npomh0y0¶
O q{vqbsz² O 7QWynf{Te0Uh,nfv g+«00q{vplmyg+h¿"lmvfµ«"szq{xAh0y | q{vfy}orh"µ`nfh"o¼uTv·slmh0v®s0uTg+xpsh | h"yUh0"uTg©³
plmvqtlmyuTvpy |°¯ À¸orh'~®³l | h0qto@h"s | h KqtvfTg&nlr³ ;lmvfyUdfh"o %uDu | qtlmvfyUlµ`nfh | h}o q | «0yUuTxslmuTv | h"yh"yxAe0"h0y
g+uTvfut³qtszu{g+lmµ`nfh0y"¶
)+*  <EB2;M;7@84: <B2; 3T8LB 3 7@B?:45; B  E8
	<1	 7->97 5/2;<BEB23H84A	 79:<147@;84:
'¨v | uTvfvph&orh"y¨h'xfUh0yUyUlmuTvfy | h"y¨0uDhNM1"lmh0v®sy | h©xfUuTq{pl­o­lms«0y | hh"0uTgplrvfqtlryUuTv·x\u{nfomh0yg1ub³
| e'orh"yµ`nfh+vfuTnpyq7{uTvfy}szh0ysz«"y0¶DKh0ytqtorh"nfy}v`nfg+«0lrµ`nfh"y | h"y}0uTvfysq{v®sh0y&yUuTv®s | uTvfvp«0h0y | q{vpy Oó[Q
h"s!Oó7iQh's;yuTv®s;zq{xpx\h'or«"h0y;h0vwq{vfvfh	pht¶
FTS >2S - Ã Ä /D6DÉ (¡ / ( 0LÉ9É (+*+¥-£±Ä /D6DÉ (¡ - E C
  	    V!)'#  # 	" 	     # 	 
Kh0y}xfUh0g)lre"h"y&h'xfUh0yUyUlmuTvfy | h0y0uDhNM1"lmh0v®szy | h+h"0uTgplrvfqtlryUuTv yUnfTT«"«"yxqt}¶p¶O l­omomh"~·yUuTv®s
| « | npl­szh0y | n=xfuD0h"yyUnfy |S¯ À¸omh"~®³l | h7qtoynlmtq{v®s;orh}ydp«0g1q,U«7q{'slmuTvfh"oI
/   (    (   @  /  
/    (      (  @V
/   (    (   @?
/   
/    ()     (  @
0h}µ`npl"uTv | npl­s¿)o ¯ h'xfh"yylruTv¹ynpl­tq{v®szhx\uTnporh}0uDhNM1'lrh"v`s | h}xfUuTq{pl­o­lms« I
	   $ /  /  * + * E  + * $ 8   %  /"! F+ #

/  * +  /    /  * +
	  $ /  / *  + * E  + * $ 8  %  /"! F+ #

/   *  +  /      /  *  +
Y7Y ìZ\[]^"_
[
uJI * + L *  + MyuTv®somh0y0uTvp0h0v®szqtsUlruTvpyh"v L  M'ª
* E  +h0yUsorq)0uTvf"h0v®szqtslmuTvwynf½9q{"lmµ`nfhlmvpl­slrqtomh | hylmsh0yomlmfUh0y0ª
8   L 8  M%g1q{yUyhqtszuTg)lmµ`nfh | h  L  M	¶@u{nfomh1xfh"g+lmh0g+u | e'orhtªorh"y&0u{vf0h"v`szqtsUlru{vfy |°¯ qtsuTg+h0yyuTv®synfxfxAuTyU«0h0y&0uTvfysq{v®sh0y&yUnf}o q=ynf³
½9q{"h{¶Àv ynpxfx\u{yzq{v®s * $ 8   %  /"! F+ #  «0Tqtorh"g+h0v®s©"uTvfyUszq{v®s&h's&h"vIomh,"uTg&lrvqtv`s©q{nI½9qt"szh"nfxf«	³h'xAuTvfh"v`sUlrh'oGªuTvxAh0ns%h"v | « | nplmhomh0y»h'xfUh0yylru{vfyynpl­tq{v®szh"y%xAuTnfWorh"y%0uDhNM1'lrh"v`sy | h;xfu{q{pl­oml­sz«"y
| h}h"0uTgplmvqtlmyuTvJI
ÃÅÄ /76É ( -
	   $ /     L 1M
	  $ /       L V M
u  h"s   yuTv®somh0y¨"uTvfysq{v®szh"y |°¯ «"µ`nplmo­lmfh+xAuTnfomh0yU«7q{'slmuTvfy@  h's@}h"yxAh0'sl­Th0g+h"v`s0¶DKh"y0u{vfyUszq{v®szh0y | h`lmsh0yUyh&yUuTv®s | uTvfvf«"h0y;yuTnpy;npvfh½Qu{g+h | horutl |°¯ HUdfh0vplmnfy I
/   /   A	  -.  @ F /   /   A	  - .  @ F 
   / .A	
  @ F 
    / . A	
   @ F 
uJI -. L - . M%h"yUs;o ¯ «0vfh"{lmh |°¯ q{"sUlmtqtsUlruTv | horq+U«7q{'slmuTv | h}h0"uTg&lrvqblryUuTv°ª

 L 
  M%yuTv®sorh"y«"vfh0U{lmh0y |°¯ qt"sl­tqtslmuTv | h0yU«7q{'slmuTvfy}ª
F h"yUso q)szh"g+x\«"zqtsnfht¶
ÃÅÄ /76É ( 1 nq{v | * +Gª *  +@vfh&yUuTv®s¨xpomnfy0uTvfyl | «0«"y0uTg+g+h&"uTvfysq{v®szy"ªSuTvwh0v | « | npl­somh0yh'xfUh0yylru{vfyxpomnfy
T«"vf«0qtorh"yyUnpl­{qtv`sh0y I
	   $ /   * +   * + L 1M
	  $ /    *  +    *  + L 1M
ÃÅÄ /76É ( > ¥V /?X £ ¢D0 7Ç 2 0 / ¡'5 (DÉ ,©Ä°Ä / (DÈTÄA£  0 / pÆ
0QÄ / 3 KÄÈ (D¡7¡





/   (    (   @ ?
/  
/  ()   ()     $ (  @
/    (  7 (   @?
/   
/" ()    (      $ (  @
'¨vwh"v | « | npl­sorh"yh'xfh"yylruTvpy¨ynpl­tq{v®szh"yxAuTnfomh0y;0uDhNM1"lmh0v®sy | h}xfUuTq{lmo­lms«0y I




    * +   L [M
q7Th"nfvphh	xfh"yyUlmuTvÂy~Dg1«'szlrµ`nfhx\uTnp 	 omh0yg0g+h"yvfutsqtsUlruTvpy;µ`nfh}xfU«0"« | h"g1h"v®s7¶
ÃÅÄ /76É ( C ¥¸¢ / £¤Ä /76DÉ ( (D£:390 "0R=S¢ (
Kh1g+u | e"omh1iwh"yUsnfv g+u | e"omh1¿=yl­ xfq{zq{g+e'szh"yµ`nplWyUuTv®s | «"szh"g)lmvf«0yxq{}nfvfh+g+«"sdfu | h | h"y
g+u{lmv | h"y0q{U«0y1ynf | h0y | uTvfvp«0h0y,h'xA«0Ulmg+h0v®sqborh"y0¶ '¨vNg1u{v`sh"zqIµ`nfhw0h=g+u | e'orh=½QuTnfUvplms | h"y
«"ynpo­sqbszysze"yyUlmg+l­orqtlrUh0yq{ng+u | e'orh | h SuT®~T¶
	   $  /   / ?     L T M
	  $  /  /"        L K1M
FTS >2S 1 Ã Ä /D6DÉ ( / ( (+,  /¥-£±Ä /D6DÉ ( F
kh %q{ | q | h"Th'oru{xfx\«nfv¹g+u | e"omhµDnl@Uh0xAuTyhynp;orq1Uh0"uTg&plmvqtlmyu{v |°¯ Àomh"~®³l | h7qboG¶ K ¯ h	pxph0y³
yUlmuTv | h0y;0uDhNM1'lrh"v`sy | hUh0"uTg&plmvqtlmyu{v¹h0ys4I
	   $   VE   A	  -.  @ F E     	     A	   -.  @ F  L [M
	  $    ?E  A	  -.  @ F E    	      A	   -.  @ F  L 7i M
Y7Y ìZ\[]^"_
K
uJI     h0yUsomh½9q{"sh0nfyUs«0lrµ`nfhtªµ`nplh"v | "uTg+xpszh | hxfdf«"vfuTg+e0vph0yszUl | lmg+h0vfylruTvpvfh"omy0ª
    A	   F  L      A	   F  M'ªE    E  h"yUsomh"uhM1"lmh0v®s |S¯ q | df«0Uh0vf"h{ª
µ`npl | uTvfvph}orq+xfuTfq{pl­oml­sz«}xAuTnfµ`n ¯ nfv¹qbszuTg+hlrvp"l | h0v®s
h"yUszh}yUnfo q+xq{Uu{lGª
E    E    A	  E  F  L E    E    A	 E  F  M'ª  , .3 / ! F  4  A	  
  @ F  L    , .  / ! F  4  A	  
   @ F  M'ªh0ys;omh}0uDhNM1"lmh0v®s | h | «0yUuTxslmuTv=sdfh0Ug)lrµ`nfhtª
q7Th0 , . L , . M»omh0y;0u{vf0h"v`szqtsUlru{vfyyUnfU½9qt"lmµDnph0y | h}yUl­szh0y"ª  L   M%orh"y`l­szh"yyh"ylmvf"l | h"v`sh0y | h  L  M
| uTvfvp«0h0y;xq{orq©szdf«"uTUlmh"lmvf«"sUlrµ`nfh | h0y;®q{²9I   * +  /"! F  $ 8   %  #  L    *  +  /"! F  $ 8  %  #  M	¶
)+*   84A <1DE1479;M84: <B2; AC8 R?>@B2;
vfh}xfUh0g)lme0hq{xpxf«""lrqtslmuTv | h0h"yg1u | e'orh"yh0yUs;uTszh0v`nfh}h"v="uTg+xq{q{v®sorh"y{qborh"nfy | n0uDh"½ ³
Á'lrh"v`s | hxfUuTq{lmo­lms« | h}h0"uTg&lrvqblryUuTv | ho ¯ u7D~DTe0vph{ª 	  ªh0v½QuTvf'slmuTv | ho q©szh"g+x\«"zqtsnfht¶ Kh"y
0u{nfAh0yW0u{h"yxAuTv | qtv`sh0y»yuTv®sW½QuTnfUvplrh"y¼q{n @lmf¶ G h"s»p¶'v+~)"uTvfyUszqtszh | h"y»«"7q{szyszUe0yWyh"vfyUlmpomh0y
L | h¨o ¯ uT | h | hi®{#xAuTnfomh0yg+u | e"omh0yomh0yxpomnfyh'Dse0g+h"y;xAuTnf | h0yszh"g+x\«"zqtsnfh"y | h)K{Tb³z[TTM'¶
 	 
$»
 , ( -."/, 

 *-, .01 
 B?> <B2;=3H1DE1D365/2E79;57
	<B2; QD/?:</2E14>@B2;	G3H8<B
Kh"u | hU«0yUuTnps | h0y«0"uTnpomh0g+h0v®sy¨pl | lrg+h"vfyUlmuTvfvfh'oryynpl­tq{v®snpvfh½QuTgnpo qbslmuTvwg)l DszhWu{ornpg1h"y
ÁvplmytÀom«0g+h"v`syÁvlry"¶ Kq)g+«"sdfu | hh"yUs;q{yU«0h}ynp;npvfhq{xfxfUu[Dlmg1qtslmuTv | «0"h0v®szU«0h©qtg1u{v`s{u{omnfg+h0y
Ávplmy | h0y@sh0Ug1h"y | h¼0uTv®{h0"sUlru{v1h's-npvfhq{xpxfu7Dlrg1qtsUlru{v©«"om«0g+h0v®sy-Ávplmy | h"y-szh"g+h0y | h | lm¬\nfyUlmuTv°¶ '¨v
«"yuTnsh"v·xpornpy | h0y}µ`nqtszUh)«0µ`nqtsUlru{vfy}"orq{yylrµ`nfh"y | h"y«"µ`nqtslmuTvfy | h+q7Dlmh0³kDsu {h"y0ª«0µ`nqtsUlru{vfy
| «"Ul­T«0h"yxq{slmh"o­orh"yµDnl"uTUh0yxAuTv | h0v®s=¿ orq 0u{vfyh"UtqtslmuTv | h"y | h"vfyUl­sz«"yxq{UsUlrh'omomh0y | h0yh"yxAe0"h0y
0U«0h"y L 1ª ª  Mh"somh0y1«0µ`nqbslmuTvfy | h0uTvpyh0tqtslmuTv | ho ¯ «0vfh"{lmh | h`lrfqtslmuTv | h  h's  7¶
Kh¾n v`nfg+«0Ulmµ`nfh=npsl­omlmy«h"yUs+"h"omnpl | htq{v Kh0h")q | qtxpsz«qtn¤®qt² | lmyyuD"lm«0y OóRQh's)uTv¤uTslmh0v®s
nfvfhxf«""lmyUlmuTv |°¯ uT | h¨T U{0h¿o ¯ qtxfxfuDdfh¹¨kfº K | qtvfy»orq{µ`nfh"o­omhomh0y»tq{l qtporh"y%xfd®~DyUlmµ`nfh0yyUuTv®s
h'Dszq{xAu{om«0h0y¿©o ¯ lmv`sh0½9q{0hq7{qtv`s |°¯ "shlmv`su | npl­szh"y | qtvfyorh}yutom{h0nf"¶
@u{nf»omh0y%sh0Ug1h"y`lryUµDnph0n\ªfnfvphq{xfxfUu7lmg1qtslmuTvÀ¸om«0g+h0v®szy lrvplmy"³qborh" ®lrvh0yUsynfxfxAuTyU«0h | qtvfy
orq{µ`nfh"o­orh)omh0yTq | lmh0v®szy}yUuTv®s}7qtom0npom«0y}xqt¨szUlrq{vftorh©yUnpl­{qtv`snfvph©½QuTgnpo qbslmuTv{qtUlrqtslmuTvfvfh'omomh)"orq{y³
yUlmµ`nfh{¶ K ¯ lmv®sz«"TzqtsUlru{v&h0vszh"g1xpy-h0ys¸"uTv | npl­szh¼xq{nfvfh¼g+«"sdfu | h¼lmg+xpomlm"l­szht¶H±dq{µ`nfh%xq{y | h¼sh0g+xfy"ª
















































 A   	 !	 	 #         	   !"%\ 3'
')(DY*',+
 





? (DÉLÉ9¢É (ÄAÉL¢£ (¡ 0 / 09¡
   
	
? (DÉLÉ9¢É (ÉQ D£ ( / Æ[¡ 0 / 09¡
  V     &      	 # # 	 ! &  "&  !	 # # 	 & " 	 	& 	) # 
 * :<3 >	<;7@8(:  B2;=3T84:
 7 57984:P;=1 	 G>97-AC7K5B2;
'¨v "uTvfyUszqtszh µ`nfh |°¯ npv xAu{lrv®s | h·DnfhIv`nfg+«"UlmµDnph{ªo q±7qtszqto­~yUhI"uTvfylryszh ¿¤lmvf0uTUx\u{h0 | h"y
0u{v | l­slmuTvfy»q{n)o­lrg)l­szh"y»xqtUslm0nomlme0Uh0y»¿}orqxq{utlx\u{nforh"y¼«"µ`nqtslmuTvfy | h;0uTvpyh0tqtslmuTv | h0y¼h0yUx\e"0h0y"¶
'¨vzq{xpx\h'omomh | uTvp | q{vfy»orh"y | h0nyu{nfy³´yh0'slmuTvfyynlmtq{v®szh"y0ªpomh0y½Qu{g&no qtsUlru{vfy%tq{UlrqtsUlruTvpvfh"o­orh"yomlm«0h"y
q{n1y~DyUsze"g+h0y |°¯ «0µ`nqbslmuTvfy |S¯ q | Th0'slmuTvh's | h | l­¬SnpyUlmuTvq7Th""uTv | l­slmuTvfy%q{n+o­lrg)l­szh0y"¶ '¨v | «"szqtl­omomh
xq{slm0npo­lme0h"g+h0v®s"h0yW0uTv | lmsUlru{vfy | q{vfyorh0q{y |°¯ npvfh½QuTgnpo qbslmuTv+g+l DszhÀ¸or«"g1h"v®szy lrvplmy Wu{ornpg1h"y
@lmvplmy0¶
Q S 1HS - Ä.b£ ¢É pÆ
0QÄ /   0 pÆ
0QÄ /;/ (DÉLÉ ( 3Ä\¢ ·É (¡= =°¢ Æ
09Ä / ¡ / (NÈTÄ / (È{Æ09Ä /   (DÈ ÈTÄ / /D0JÇ
Æ
09Ä / ¡ / (  0 "0LÈ"5@É (®Æ
Kh0y;«0µ`nqtsUlruTvpy | h"uTv®Th""slmuTvÂh	xfUlmg+«0h0yyuTnpyorq)½QuTg+h I
  !#"%$ & ')(+*-,/.0(21435*7698+3;: <  # ! $ =! ')(+*->?, @7ACB0D
xAh0nTh0v®sy ¯ h'xflrg+h0¿©o ¯ qtl | h | ho q©½QuTUg&nporqtslmuTvtq{UlrqtslmuTvfvph"o­orh}ynlmtq{v®szh9I
EFE
>
   G! H  &IHI"KJ E
<?>
=!LH   M <?> $ N
Kh"y+sh0Ug1h"y,"uTv®Th""sl­½Qy«'sq{v®s+szqtl­sz«0y+xqt1npvfhg1«'szdfu | h9Wu{omnfg+h0y @lmvplry"ªuTvNxfh"v | xAuTnf 
 orq
½QuTvf'slmuTv¹0q{zqt"sz«"UlmyUsUlrµ`nfh   | horq,"h"o­ornpomh Wutornfg+h"y@lmvplmyq{yUyuD"lm«0h&q{nwxAu{lmv®s  L @lmf¶ V M	ªOµDnltq{ns
©yUnforq0h'omomnpomh©h"s},xq{UsuTnps¨qtlmo­omh0nfUy0¶ K ¯ lrv®s«0Tqtorh&ynfB yUh©« | npl­s}qtomuTy¨¿nfvfhlrv®sz«"Tzqborh©yUnforq
0h'omomnpomhWutornfg+h"y@lmvplmy ,  ¶
Y7Y ìZ\[]^"_
[
Q S 1HS 1 Ä.b£ ¢É pÆ
0QÄ /  "0 Æ
09Ä /D/ (DÉ9É ( 3Ä\¢ ©É (D¡¨ =°¢ Æ
09Ä / ¡ / ( /;0 ¼¢¡<09Ä /   (DÈ+ÈTÄ / /D0QÆ09Ä / ¡
/ ( (D¢@£  /D/
-q{"uTg+g1u | l­sz«tªuTv{q)Uh | «"g1u{v`sh"µ`n ¯ nfv=yU~DyUse0g+h |°¯ «0µ`nqbslmuTvfy | h | l­¬Snfylru{vwh	pxpUlmg1«yu{nfy
orq)½Qu{g+h I   :    : 	 yUnf uTnp{h0s | h @  # 
 :  :; <?>  % ynp
S L [M0u{v | npl­s¿)orq)½QuTgnpo qbslmuTv{qtUlrqtslmuTvfvfh'omomh I
>
  :  : 
  
     <?> % 
 =
S   x\uTnpsuTnpsh¨½QuTvf"sUlru{v 
¹| qtvfy   L  V M
Àvh"¬\h"s7ªSh0vg&nomsUlrxpo­lrq{v®so qxph0g)lme0Uh)«0µ`nqtsUlruTv | nyU~DyUse0g+h L [Mxq{ 
 h"sh"vyuTg+g1q{v®syUnf
omh | uTg1qtlrvph ¨ªu{vwuTslmh0v®s4I 
> * 
:    :  
  
 +    L [M
º%uTg+g+h I
:    : 
   
 :    :   :  
    :
o ¯ «"µDnfqtslmuTv L [M%y ¯ «"0lms4I
> 
:    : 
   

> :  
    :  
     L [M
ÀvNq{xfxpo­lrµ`nqtv`s+omhszdp«0uTUe0g+h | h }Uh0h"v³9'¨yUsuT{zq | y-®~ L

> :  :  

<?> :  :;=<?>  
SM M©¿¹orqxfUh0g)lre"h}lrv®s«0Tqtorh | h L [1M%h"s;h0v=szh0vfq{v®s"uTg+xpszh | h}o q | h"nDlre"g+h©«0µ`nqtsUlru{v | h L 7M'ªfu{vwuTslmh0v®s
plmh0vo q)½QuTUg&nporqtslmuTv L  V M'¶




S	¶p¦¨qtvfy%omh7qtyµ`npl°vfu{nfy%"uTvf0h"vfhtªy ¯ q{{lmyyq{v®s | h=sh0g+h"y | l­¬\nfyUl­½Qy0ªorq·½QuTvp"slmuTv 
 h0ys"h"ssh½Qu{lry)orq·½Qu{vf"sUlruTvN7qtzq{'sz«0lryslmµ`nfh | horq
0h'omomnpomh À¶ %¶   L ½Qu{vf"sUlruTv !X   & o­lrvf«0qtlmh·{qbo q{v®sI qtn "h0v®szUh7 | h·o q±0h'omomnpomh h"s¹±ynforh"y






G?.   %    

  
	 %    L {M
knf"h0y | h"n}yh"Tg+h0v®szy"ª   xAh0npsy ¯ h	pxpUlmg1h"@"uTg+g+h¼npvfh¸½QuTvf'slmuTvomlmvf«7qblrUh | h¸o ¯ q{fyU"lmyyh»0nf`lmo­lr{vfh wh'sh"yUs;«0Tqtorh}Uh0yxAh0'sl­Th"g1h"v®s}¿ I
   "! CH       #$      $   yUnf   ?
      #$      $   ynf    
´oyh"g&pomh&"uTdf«0Uh0v®sq7{h0orq1½Qu{g&no qtsUlru{v¹À¸om«0g+h0v®szy@lrvlry | h0uTvfyl | «0h" | hg0g+h %omlmvf«7qblrUhxqt
g+uT"h7q{nDI
%=%   &' 	  &

$      $   %  ynp    
%=%   & '   &

$      $   %  ynp    
')(DY*',+
 









Fonction caractéristique de la
cellule Elément Finis centrée
en i
Frontière de la cellule et
du domaine
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